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(57) Abstract 



An apparatus is disclosed which is a microprocessor based instrument designed to convoiiently and rapidly measure various analytes 
in environmental and biological samples. The instrument operates as a stand-alone unit powered by a battery or a DC power module 
and may be equipped with a communication port allowmg uploading test results to a computer. Several unique electronic, microchip and 
software configurations were developed for the device to make it a portable, low-cost, safe, automated and simple-t<M>peiate instnimcnl 
particularly adapted for precise and accurate measurement of metal ions such as heavy metals such as lead fai human blood. 
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DESCRIFnON 

HANDHELD ELErTROMONlTOR DEVICE 

S BACKGROUND OF THE INVENTION 

A portk>n of this patent document contains material wfaidi is subject to copyng}it 
protecdoa The copyrigjit owner has no objection to the facannle reproduction by any one 
of the patent disclosure, as it appears in the Patent and Trademark QflSce patent files or 
10 reconls, but otherwise reserves all rights \^atsoever. 

Fidd of ike Invention 

The invention rdates generally to a convenient nncroprocessor based mstrument 
ad2f)ted to measure low levels of analytes in fluids. More particularly, the (fisdosed devices 
1 S are automated, portable electrochemical instruments designed to accept various chemically 
mocfified dectrode sensors and to rapidly and accurately measure low levds of various 
analytes. Hand-ldd dectromonitors are desoibed that are capable of employing various 
dectrodienncal analytical techniques for the precise and accurate measurement of multiple 
analytes in a wide range of fluids. 

20 

Descr^UonoftheRdatedArt 

Recent^, the devdopment of highly effident dectrodiemical strq)ping sensors 
based on colloidal gold has resulted in the devdopment of rapid, 9nq)Ie tests for 
determining trace amoiuits of contaminants, particularly heavy metals and espedaOy 

25 undesirable env i ronmoital toxins such as lead and mercury. The sensors for d^ection of 
these metals are basically colloidal gold modified dectrodes wiiere the sur&ce spears to 
act as a microdectrode array, posably providing a rationale for the superiority of these 
electrodes ov^- bulk gold dectrodes. The preparation of colloidal gold dectrodes is 
desoibed in sevoal patents, induding U.S. Patent Nos. 5,334,296; 5,391,272; 5,217,594; 

30 and 5,368,707 all of which are incorporated herdn by reference and in their entire^. 
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Colloidal gold based dectrodes have been used not ooly for potendometnc 
measurement of analytes^ but also in square wave coulometric determination of metal ion 
levels. Square wave coidometry (SWQ rombines fiist scanning squa^ 

S with coulometric measurement of the signal and has been used in some appfications as 
preferable to dflFerential pulse vohammetry. The advantages oftWs method witfi reject to 
sensitivity and speed ovor other vottammetric tedudques is (fiscussed in detail in U.S. 
Patent No. 5,468,366, the entire disclosure of which is herein incorporated by reference. 
The referaice particularly mentions that one advantage of SWC analyas for measurements 

10 involving nricrodectrode arr^ is that it does not require removal of dissolved oxygen 
from the san5)le sohition in contrast to other stripping tedmiques. 

SUMMARY OF THDE INVEPmON 

15 In a general aspecX the invention anploys combinations of dectrodes in an 

dectrolyte to generate dectrical dgnals v^di are indicative of the concentration of an 
analyte in the dectrolyte. The signals are di^tized and processed in digital form to 
determine and di^lay the agnals. ITie dectrodes in contact with a sample of the dectrolyte 
are contained in a small fixture or pn*e which is dectrically coupled to a data proces^g 

20 system. This is housed in a container or housing which is smaflenou^ to be h^ 
hdd. 

The im^ention dso en5)loys q)ecid means fiM- calibrating the instrumei^ One 
sudi means makes use of calibration strips which are coupled to the data procesang system 
25 in a manner sinnbr to the dectrodes. CaHiraticm data from a calibration strip may be 
transfored mto the system or it m^ indicate to the system winch s^ of calibration data to 
en?)Ioyfix>m sets \^<± are alreacfy stored in the ^em as in a lookup** ta^^ In general, 
a particular calibration strip is provided for a given s^ of dectrodes, or for a given lot of 
such dectrodes. 
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An alternate calibration system may employ a microchip on ^ch caUbrstion data 
for a gjven set of electrodes has been stored. A microchip reader on the instnunent reads 
and transfers the calibration data from the microchip into the data processing system. 



S In general, the invention measures a parameter of the dectrode signal, notabty the 

current, for the analysis inade by the invendon. Thus, the system may measure anq)erage, 
ora modulated anq)erage signal to perform analyses based on amperometiy 
square wave coulometry, etc. Anodic stripinng vohamm^ is particular^ p re f eued in 
analyang for metals in one typcal application. 

10 

The advent of the colloidal gold dectrodes maiks a great stq) forward in the 
analyas of metals and contaminants. The present invention marks a forther advance in 
recognizing the need for an instrmnent for making sudi analyses -vAkii is readily portable 
but also accurate and flexible. Especially attracdve is an instnunent ^cfa is sdf-contained 
IS and suffidentfy compact to be hand held. Sudi an instrument is particularly advantageous 
in remote operations and provides results vdudi are not only accurate but also pmapl and 
cost-saving. It is appareiit that such an instrument ms^ be used in the laboratoxy as mil as 
intfaefidd. 

20 The present invention provides an instrument vAaxAi comUnes unique dectronic, . 

microchip and software configurations in a device that is portable; safe; automated and 
simple to operate m determining analyte concentrations in fluid sanq)les. In particular 
adjects, an apparatus for analy3dng for a sdected analyte in blood, urine or water is 
provided. Such a device is small enough to be band hdd and can be set to determine 

25 virtually ai^ metal ibn, in addition to peroxides, ^cos^ proteins, drugs and pestiddes. 
The disdosed device nu^ be cmvenientiy set up for use with various dectrodienucal 
analytical tednuques such as square wave coulometry, anodic stripping vottammetry, and 
an^erometiy, thereby providing several advantages over other conventional 
dectrochemical instruments. 
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Tbe disclosed uscroprooessor-based device b de si gne d to pedfonn various tasks 
associated xvith the measurement of dectnx^ennca^ ThesensOTisusedas 
a disposable insert with this monitor. In one embodiment, designated Ae LeadCare™ 
Monitor (AndCare, Inc., Durham, N.CXor spedficaDy measuring blood lead levels, the 
5 instniment has one mode of operation which is a blood lead level (BLL) measurement 
imtiated by presang a push-button switch ("START"), after insertion of the sensor into the 
monitor and placing a sanqile on the sensor. Inlessthan2minutes,aBLLwillbedi^layed 
ontheLCD. 

10 The monitor incorporates several disdnctive fimctions and features^ some of which 

are new in tMs type of dewce, that indude: 

SiF^le push-button cperation 

This is. an inq)rovem^ ovar portable dectrochemical devices available on the 
IS market, none of which is for blood lead. Ttey .all require at least a few step long set 
up/imtiation procedures^ 

SsnsoT TBCoffdtion test 

A novd feature of the device is that it is set up to run a test to distinguish wilder a 
20 calibration strip or test sensor is connected vibiai the test sequence is tii^ered fay the 
STARTbuttoa 

The test is based on the difi&rence in the current vs. time diaracteristics of a 
cal3)!Fatipn strqp and a test sensor. When a voltage pulse is appfied a constant (/.e., tnne 
25 indq)endent) current is geoeiated by reastors of the caEbradcm strq>. The test sensor 
yo< nt<'*'w"g sa«"p1e wAy^ft" o» the other hand produces current tiiat sharply decays in time. 

The device ^[yplies a small vohage pidse to the connectxx' and current is san^led 
several times over a few nullisecond period, ff a constant 10%) current is detected, tiie 
30 system assumes thgt a cafibration strq> is cormected and the software initiates reastanoe 
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measuremeot of the calibrations^ Ifa decqing current is d^ected, the software goes to 
the BLL measurenient cydt, 

Atitonuitic calibmtion 

S An ad(fitional novd feature of the device is the sensor calibration scheme iwfaidi 

eliixnnates conq)iicated and time consuming manual calibration procedures required by 
currently available devices. The scheme invdves a resistor network-based caEbration str^ 
and sensor calibration database stored in the EEPROM It does not require operator 
intervention excqit insertion of the calibnition strq> and pressing the START buttoa Hie 
10 ^em first redognizes that a caBbradon strip is connected and measures the resistance of 
two resistors on the strip. Based on the vahies obtained, the software activates one of a 
phirality of calibration data sets stored in EEPROM to be used for measurements invoking 
thesensors. Eighty-et^sudi sets have actually been enq)loyed. 

IS Calibration strips are plastic s&Ies consisting of printed connecting tracks and 

resistive bands v^sereastaiice is laser trinimed to a desired vahie. A calibration protocol 
iis carried out on each new batch of sensors to determine \^ch of tiie calibration data sets 
pre-stored in the memory best represents the performance of tlus lot in the analyte test. 
Eadi of these cafibration data sets has its own cafibration stiip with pre-asaignled resistance 

20 vahies. 

For exan^ie, cafibration strip 3F may activate ccduirm #3 and ofbA #6 in the 
calibration database. Eadi manu&ctured batdi of sensors has an appropriate cafibration (or 
sensor code) strip incbded to be used for siting up the caHrtation by . 



25 



By iriserting the cafibration strip into the sensor connector arid presang the START 
button, tiie operator confirms that the monitor and the sensors witfiin die lot package 
function together within tte spedfied measurement bounds of the System. The calibration 
strips tnay be reused at any time during the usable fife of the lot of sensors in the package. 



30 
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SelfiSag^iostics 

A sequence of sdf diagnostic checks is automatical perfonned eadi time the 
dewce is turned oa The self tests are desoibed in the INTT.SRC section. If any of these 
tests fidis the "ERR" message is displayed on the LCD display and the system is halted, /. , 
5 the device cannot be operated. 

Sensor connection and sample solution placement test 

A fimher novd feature of the device is the incorporation of a test to detennfaie 
Ai^^iether the sensor, or calibration strip, is properiy connected to the dectronics via the 
10 connector. If a sensor is detected (see Sensor Recognhion Test) the sensor connectira is 
monitored contimiously (at one second intervals) during the test sequwice. In the event 
that an improper sensor coimection is detected, an instruction "CHECK SENSOR" is 
diq;)Iayed on the Monitor's LCD di^lay. 

15 The same routine tests M^ether all sensor dectrodes are suflSdently covered by 

solution of the tested sample. If no resistance due to the sample sohxtion is detected 
between the dectiodes, a "CHECK SENSOR" uMSsage is disp^ 

Ii^ernal^dkanmy sensor" lest 
20 TWs test is prformed after the Moiftor is turned oa It diedcs the A/Dan^ 

voltage oontrd and other cuirent measuiiiig components of the dectronics by running flie 
span step of the test sequence after coimectii^ an internal resistor network ("dummy 
sensor") to the dectronics. Hie voltage is scanned between sdec^ voltages and the 
currents are measui^, stored cfwnjwed by Ae software iwtfa expected values. Actual 
25 vbhage scam have inchided scans between *50Qn^V and -2niV; If test 

niessageisdispkyedonthelX3><fi^ m test confirms accqitable peiftraiancc of 
virtual^ an hardware and software conqxments offtie system except the connected' wUdi is 
diedced in a sqwrate sdf test 
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LCD message sdecdon includes: 

♦instnictions sudi as "CHECK SENSOR" and TAUBRATE" 

* wanunes sudi as a battoy icon di^layed ^en a low battery status is detected, 
"ERR: for system eiTor, etc 

* test status displays including "SELF TEST," "READY", and "TEST." 

Beeper fiawtions ^ . 

The Monitor system supports a beeper wfndi provides an additional way of 
dgnaling to the operator that, for example, a senscH* is connected impropeity or that the test 
is Gonq>leted. 

RS-232interfmx 

Computer and printer ccMnnnimc^on fiincti^ 
in RS-232 inter&ce and fiilly supported by the software. The intei6ce allows direct 
sending of test results to a iNinter for a hardcopy printoirt Also, i^ the use of a 

PC computer pibgrain, the operator cain dowidoad new test parameters to the reseaidi 
yergon of the de^ace and upload the measured current data and results. 

In production versions, the device supports an RS-232 protocol in a read csdy 
format that pennits e)ctenial traiisfers of sdected data fitmi ^ 

Softwctrefimchohsforh^^ 

The signal to noise (S/N) characterisdcs of the measurement may be inqnoved by: 

* sgnal averagirig; four rneasurements; 

* digital filtration of the forward and reverse currents; 

^ digital filtration of the dififereiice current obtained by subtiacdon of filtered 
forward and reverse currents; 

* basdirie subtraction before peak measurement (see paragraph bdow), and 

* int^ration of the peak signal 
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Baseline subtraction routine 

Yet another novd and important feature of tbe software associated wth tte 
disdosed device is the agnificant sinqplification of measurancnt of peak-shaped 
5 dectrodienrical signals. TWs aflows fiill automation of the data treatment process. 

The analysis routine works by detecting two minima, one on each 
drawing (/.e. calculating) a line through the nrinima, and then subtractii^ that line fiom the 
curve to remove the baseline ofi&et. 

10 

The two minima are chosai by linritii^ the range that the sofh^ Alow 
range is defined on the left ade of the peak and a high range on the right. Within this range, 
mimma are found and used to calculate the basdine. The routine works best v\iien repeated 
to fimherinqnove results. The software performs the analyas in ft)ur steps: 

15 

a) Fmd the low point in the two ranges, before and after the peak; 

b) calculate the slope of the line drawn between these two points; 

c) subtract this basdine*s value fit>m the data; 

d) ttpeat I iismeli3 2bovt to mpiov^ 

20 

Battery or AC power module operation 

The rnoiHtor preftaably q)erates as a stand-alone unh 
DC power module. The system recognizes whether a battery or an AC power module 
powrs its declionics. When both AC modd 
25 disconnects itsdffrom the battery to prolong the bat^ 

BcOtery soring andI£Ddi^lcyhunim^ 

After 10 minutes wWu)ut activity ii»*cn ba^ 
power modide is used, the device fimptions are turned oflf to save battery and prevent 
30 burnout of the LCD di^I^. 
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BIOEF DESCRIFnON OF IHE DRAWINGS 

So that the manna- in vAidh the herein described advantages and features of the 
5 present nivendon, as tvell as others i^ch imD become 2q)parent, are attained and can be 
understood in detail, more particular desaq>tion of the invention summarized above m^ be 
had by reference to the end^odiment thereof ^ch is iOustrated m the appended drawings, 
n^cfa drawings form a part of this specification. 

10 iFIG. 1 shows an example ofthe potential waveform and the curre^ 

used with the invention for anodic strippiiig measurement. This exan^le is q>edfic to 
signals for lead in add treated blood using colloidal gold sensors. "F* and "R*" represent 
the sanq)Iing points of forward and reverse currents respectivdy. 

IS FIG. 2 is a graphic rqpresentation of a basefine subtraction prbcediire used to 

process a raw dectrodienucal response into a form used to calculate anafyte concentratioa 

HG. 3 is a flowdiart of various hardware conqx)nent blocks that comi^se a devi 
oftfaeinventioa 

20 

HG. 4 is a basic firmware protocol for the execution of an entire dectrocfaemical 
measurement in accordance with the invention. 

FIG. S is a flowdiart of a main loop software fiamework module \^di directs the 
25 imreition to poll and wait for signals to perform' a certain activity. 

FIGS. 6A-6D is a flowchart of a process control routine which controls the 
hardware tiiat is connected to the sensor during a test Thesensortest invoh^ app^ring a 
voltage to a sensor fi^r a specified period of time. 

30 
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FIG. 7 is a flowchart of a scanmng roudiie winch provides fte actual data 
measuring software for the sensor decdt^ This routine scans die voltage fifom a 

first voltage vahie to a final voltage value. 

5 FIG; 8 is a schematic diagram of an exemplaiy nuaroprocessor system. The 

exeng)lary diagrammed system is buik around a MOTOROLA MC 6805 mam 
imcroprx)cessor wUch is 8 bit with 176 bytes of internal RAM, 8K bytes of program 
memory space> 24 I/O lines, 2 serial interfeces, and a hardware timer. 

10 FIG. 9 is a sdiematic diagram of an exemplary analog drcuit which indudes a 

cfiptal-to-analog (D/A) converter to generate a knovm voltage and an analog-to-digital 
(A^) converter to measure the current. 

FIG. 10 is a schematic diagram of an exemplary display/memory system v^ch 
15 stores parameters tor the measurement irocess and data collected while processing the 
sample. 

FIG. 11 is a schematic diagram of an exemplary power suppfy v^ch typically 
suH)Hes pow«^ either by internal batteries or 120V AC power. 

20 

FIG. 12 ilhistrates a version of an exemplary hand-hdd dectronic monitor 
indicatiiw the slot where the dectrode strip is inserted and 

manu&ctured dectrode strip be mserted to connect into the circuit controlled by the 
firmware. Abattciy compartment, ahernate AC power supptyconnecdon, ami comw^ 
25 for <q)dOTalmatirig with e5rteniaIfysiq)pfiedcaBhrat^ 

HQ 13 is a square wave voftammetric curve of acetanmnpphen 
dfedosed device and a carbon sensor. Moiftor parameters: square wave vohammctiy with 
100 mV irntial potential, 50 Hz fluency, 25 mV an?ji^^ 

30 
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FIG. 14 is a calibration cmve for lead in ^ter uang anodic stripping signals 
measured by the monitor with a collcndal gold sensor. Monitor parameters: 90s depoation 
at •O.SV and stripping by square wave vohammetiy at 100 Hz fiequency, 25 mV anq)litude 
and2mVstq)s. 

5 

FIG. IS shows an anodic stripping curve obtaii^ for a nuxture of four metals in 
O.IM acetate buffer pH 4.2 using the monitor and a carbon sensor with in situ deposited 
mercuiyfilnt Monitor parameters: 240s deposition at -1.4V and strq^^ 
voltanmetry at 1 IS Hz frequency, 25 mV ^litude and 3 mV stq». 
10 . 

FIG. 16 shows amperometric measurement of I^drogen peroxide in SO niM MES 
buffer pH 6.4 using coHoidal ^id-HRP (horseradish perDndase).sensors and the disclosed 
device. Parameters: -100 mV potential, 4 Hz current san^Iing rate. 

IS FIGS. 17A-17B compare anodic stripping curves as acquired and stiet processing 

by theinventioa The curves are fin- a sample of 42 ^g per decaliter of lead m add treated 
blood using a colloidal gold electrode. Operating parameters inchided a 90s depoation at - 
0. 5 V and stripping by square wave vohammetry at 80 Hz frequency, 25 mV anq>fitude and 
2mVstq>s. 

20 

FIG. 18 shows the efifect of humidity on the temperature of a sanq)le sohition 
placed on a colloidal gold sensor. Tliesan^leisa SO (Udropofaddtieatedblobd. 

DIHTAILED DESCIUPTION OF THE PREFEIOIED £^ 

25 • . . . 

The invention relates to an ine3q)ensive, ea^ to use and port^le dectromc 
apparatus fi>r tests en^Ioymg disposable dectrosensors. The microprocesscH' based device 
performs various tasks assodated with the measurement of current responses generated by 
metal ions and non-metal analytes on different kinds of disposable sensors and dectrodes. 

30 It can be also used to cany out dectrodiemical measurements iiang conventional, reusaUe 
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The dedrodienucal functions and tedmiques 



dectrodienrical precondWoning of the woildng dectrode by potential steps 

5 (pulses), 

an5)erometric measurements at a constant potential applied to the working 

dectrode^ 

square wave anodic stripping voltarranetiy, and 
square wave voltammetry. 

10 

The amperometric nK)de may be used for measurements invohong im^^ 
DNA probes and other en:qme based sensors sudi as colloidal gold saisors for hydrogen 
peroxide, atrazine, fertility hormones, cholesterol and others. The square wave anodic 
stripping vohammetry has been used for measurement of heavy metals in biolopcal fluids 

15 ami environmental samples. For example^ operation m this ntKxle has been successfiiDy 
used in the LeadCaie™ Test for detecticm of blood lead using colloidal gold saisors 
(Aiid(^lTC.,Duifaam,NC). The same mode of operation can be used for measurement 
of lead» cadnmim^ copper, anc and otlffir metals in waters and othar environmental san5)lcs. 
The tedxmque of square wave voltammetry can be used to measure analytes that do not 

20 require deposition OMreconcentration) cm For example, 

the device can be operated in the square wave voltammetoic mode for measurements of 
acetannnophen in aquecw 

The device is a thfiee-dectrode potentiostat €nq>lqying an aito current gain 
25 switdnng fimcdon whidi allaws a nrndi more rigtxous control of the potential apfikd to 
tfie woridi^ dectnxle during the oitire measurement Tins feature unproves Ae S/N 
characteristics of the device, llie device can operate powered Iqr a 9V battery or a DC 
powermodule. 
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The device is a versatfle, yet simple to use isstnimenL It can be used as a 
stand-alone for conductmg repetitive tests involving the same type of sensors and one set of 
opieradng parameters. In this mode all the parameters are preset eidier by the device 
manuficturer or by means of a cafibration/setup microchip "button," and the monitor has 
S oiiy one mode of operatioa Simflar electrochemical devices available on the maiket 
require conq)licated setup procedures. The measurement is imtiated ^en the operator 
presses START key after insening the sensor in the sensor connector and pladng a drop of 
tested sanq}Ie on the sensor. At the end ofmeasurement the test result is displayed on die 
LCDdiq>lay. This can be regarded as a '1)lack box" mode ofoperation since the user does 
10 hot have to be fimiliar with the operation of the device or ynnh the dectrochemistiy 
invdved in the measurement process. 

The same device, can also be used as a flexible instrument for development of 
dectrochemical tests and for other applications mvotving di^sable sensors or other 

IS electrodes. TUs type of operation is designed for more e9q)erienced users and reqinres a 
control program and a computer connectioa The program provides fiiD control of the 
fiinctions induding changing the type of measurement (amperometric, square wave 
vokammetric, eta) and/or inctudmg the operating parameters. The measurement data can 
be uploaded from the device to the program for di^lay, analysis and storage in the 

20 computer memory. 

A sequ^ce of self diagnostic checks is automatically performed eadi time the 
device is turned on If any OTors are detected in the hardware or software, an mor 
message warns the user. Also, the battery status is diecked condnuoudy aiKl a battery low 
25 icon is displayed if the battery voltage drops bdow 6.8 V a sdected voltage • for example, 
6.8V with a 9V battery. When the battery voltage is 6.4 V or less, the device wiD shut 
down an its fimctions. Sensor connection and sanaple drop placonent are tested 
automatically at the beginning and during the test. Li case the sensor is not connected 
correctly, or the sample does not covo* coiqiletety the dectrodes on the sensor, or the 
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scnsor accidentally is disconnected during the test, ''CHECK SENSOR" is displayed on the 
LCD diq)l^ and the measurement sequence is aborted. 

A tenq^erature correction fimction may be added to correct for the tenqjCTature 
5 dependence of the entire test process, includii^ the diffiision of dectroactive species at the 
electrode sur&ce. It is based on a thmnistor probe mounted on the drcuit board and 
controlled by the nucroprocessor unit (MPU). The tenq^erature is measured bdbrc and 
after the test and the test result is extr^lated to the temperature of 25 d^rees Cdaus 
using temperature correction database stored in the EEPRDM. This fimction eliminates 
10 aT<M:5 due to variations ofthetenQ)erature of tested sanq>les. 

Sensor preconditioning function invohres a set of four indq)endently controlled 
5tq)s ^ndses) that can be used for dectrocfaemical precomfitioning of the sensor. Eac* 
preconditioned stq) can be set 1 to 600-second duration and the ^plied potential from 
15 tte -2000 to +200) mVranga These steps may be used without p^ 

sensor to aid the operator in controlling the time of other steps in die test procedure. 
Potentials ^Hed m^ be changed gradual^ between the preconditioning a^ 
steps wWdi vciy often helps reduce the charging stress on tfie dectrode suffice 

20 The sensor bouang is a novd device designed to staWlize the tenq)er3turB of the 

sample solution on the sensors zod dnis reduce 4e cflfect of sohent evaporation on die 
cunent signals measured using senses TMs add-on module attadies to die sensor 
oomector. TTie housing conasts of a plastic part and an ahmmmm plate fonning its 
bottom. The dot into i^itedi the sensor is inserted fim» the botto 

25 to aMe over the ahmnmmi plate and lay down finaofy on its s^ The ahmmium plate 
fimctions as a heat sink preventii« the coolii« of the sensor as tf» 
die tested sohiticm. The ev^ponitioneflfect is particular^ significant for th^ 
conducted in dry environments, g>g>, at relative humi ^ 

also creates a draft screen fisr the tested sample vMA sub sta nt iall y reduces the effixt of 
30 ev^oiative cooling caused by draft. The sensor is first inserted half way into tfie housiqg 
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so that the dectrodeai^ on the sensor is above and over Thetested 
sample sohition is deposited and q)read over the sensor electrodes. The sensor is then 
pushed an the to the end ofthe housing and into the connector. TUs motion engages 
the contact betwedi the sensor contact tracks and the connector spri^ 

5 

The disclosed microprcicessor based instrument is designed to perform various 
tasks in the measurement of analytes, such as metal ions in biolo^cal and environmental 
sanq}les. The instrument advantageously operates as a stand-alone unit powered by a 
battery or a AC power module, and is equipped with a communicadon port that allows 
10 uploading analytical data to a computer. The umque electronic, microdxip, and software 
crafiguradons developed for tUs device, have made possible a portable low-cost, safe, 
automated, and simple to operate instrument that is capable of predse and accurate 
measurement of a wide range of analytes, including mebds, peroxides, glucose; proteins, 
dmgs, pesdctdes, e/a 

15 

The innovative design of the disclosed apparatus incorporates a new data 
processing method for extracting analytically usefiil agnals from anodic stnpimig currents. 
In certain embodiments, the apparatus preferably onploys a colloidal gold based electrode 
that aDows high sensitivity of detection of analytes so that exceptionally low levels of 
20 analytes ms^ be dietectable. 

An inaipoi^ foahiie of the pfeserit invention is the sensor lot calihation scUeme. 
The disclosed device may be set up for tests using different lots of sensors tfaer^ 
diminating con:q)licated and time consuming manual calibration ^rip procedures required 
25 by other devices on the market attempting to perforai amilar analyses. There are two 
general designs used in the devices for the calibration; one involves storage of ^}edfic 
calibrations in the apparatus; another alternative and more versatile embodiment^ allows 
calibration data q;)ecific for the soisor to be loaded into the apparatus prior to an anafysis. 
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The fim vei^on uses a calibrattcm sdieme tbat 
calibration strip and senscx' calibration database stoied in memoiy. It does not require any 
user intervention excef^ insertion of the calibration strip and pres^g the START button. 
The device recognizes that a calibration str^, and not a test strip, is connected and 
5 conducts a measurement of resistance of two reastors on the strip. Based on the two 
resistance values data from one of the calibration curves stored, the EEPROM is 
transferred to the active portion of a lookup table. Until another calibration strip is read, 
this data is used by the device to convert measured signals to the concentration of anafyzed 
species. 

10 

In a preferred embodiment, a novel vo^on of a sensor lot calibration scheme is 
employed that also allows setting up the operating parameters for a particular test in \^ch 
the sensor is used. It involves using a microchip, herdn refored to as a "Calibration 
Button,^' to store and download the calibration data and other data corresponding to a lot 
15 ofsensors that win be used in the test. A (figitalnBCTOchip reader ofa size ofanickd coin 
is mounted on the device that envies data transfo'. Each lot of manu&ptured sensors will 
have a unique CaEbration Button, and such a dnp can be mduded wiA eadi set of sensors 
soldfiomtfaetot 

20 To pre^ae the memory chip, one may use a progransnable memory chip sucii as 

Dallas Sen&concfc]Ctor*s Tmch Memory. IK (64 data words), one time progranmiable 
memoiy dups and programmable 4K man£»y dqps are sui^e. hx one vo^on of the 
button, a 4S-pdat calS^ndon data set, a 7-point tsss^perztim correction data set, and the 
sensor lot code g^iy^ production date^ in addition to the microdiQ) ID code were stored. 

2S Another, version of the button /sets up the device to a deared operating mode 
(anqierometric or square wave; for exanqple) and cfaanees the operadng parameters, 
indu&ig cal^Halion, forthe and 

A memory reader probe;, mounted on the enclosure; is used to transfer 
30 cafifaration data to the lookup table stored in the memory. When tiie device is in the 



wo 97/08544 PCr/US96/13844 

READY mode, the Cafibration Button reader is in the active mode and reacfy to sense the 
attachment of tiie Button. The transfer is executed the user connects C^ucfaes^ the 
button to the reader and the dectromonttor device recognizes that a Calibration Button is 
attached and ready for transfer of calibration data. Unlike the earlier described resistor 
S based calibration strq>, the START key is not involved with the use of C^rationBii^ 
Transfer of data from the Button to the device takes less than 1 second 

Monory toudi types of programmable diips are ine9q)enshfe and one cafibration 
button can be inchided with each set of sensors soU. Ahhougb the IK version is preferred, 

10 the sensors may also be developed with a programmaUe 4K buttoa TMs allows storing 
calibration data stored in the button's memoiy dip multiple times using a computer 
program Programming ofthe buttons is fist; iriudi less than 1 secomlpe^^ Buttons 
may be purchased and no extra labor, excq>t programmmg and labeling, is required. For 
certain supplications, this presents an advantage over the caEteatibn strip ^)proach which 

IS requires more daborate and timdy coor£nation of effints betwieen the sensor producer and 
the moxstor manufacturer. 

The following material discusses the software and the hardware used in the 
instrument. A brief overview describing the method utilized in the measurement is 
20 presented first 

Method Overview 

^ The dectronic device of the present invention measures an dectrochemically 
generated aghal fix>m an analyte in a drop of solution placed on a disposable sensor. The 

25 instrument executes a sequence of voltage steps (vohage pulses) that are i^fied to the 
dectrodes cm the sensor (FIG. 1). The dectromonitor measures cunrats generated by the 
sensor during the ana^ras. It then numerically processes these currents to determine the 
analyte signal In the final stage of the test, the dectromonitor converts the analyte signal 
to a corTe^x}nding analyte concentration in appropriate units and diq>lays the resuh on an 

30 LCDdi^lay. 
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The dectioanalydcal tedmiques on wUdi the opendon of the dectroroonhor is 
based are square wave coulometiy (SWC), anodic stripjring vohanuneliy (ASV), and 
ampCTomctry. The SWC can be characterized as a hybrid of three electrochemical 
techniques: Anodic 5tiip}mig voltammetry, square wave voltanunetry, and coulom^iy. The 
5 dcctromonitor can apply the appropriate analytical tedsnique to measure agnal for a 
sdected anatyte. Because this measured signal is proportional to the concentration of 
analyte in sohition on the sensor, a anq)Ie conversion of this agnal to the corresponding 
analyte concentration can be performed using calibration data loaded in the memory of the 
dectrpmonitor 

10 

Hardware Overview 

The block diagram ofAe system shows the baac hardware elemraits (HG. The 
system in one embodiment may be buih around a MOTOROLA MC6805 main 
nncroprocessor 10, see also FIG. 8. The MC6805 is an 8 Ut microprocessor with 176 
15 bytes of internal RAM, 8K bytes of program memory space, 24 I/O Bnes^ 2 serial inter&ces» 
and a hardware timer. The 24 VO lines and one serial pc^ are used to connect to die 
external conqxments. The second serial port allows a host conqniter to communicate with 
the system using a standard mter&ce sudi as die RS-232 inter&ce 12. 

20 The analog circuit (FIG. 9) includes a digital-to-analQg (D/A) ccHweiter 14,.(FIG. 

3X to generate a known voltage and an analog-to-<fig^ (A/D) converter 1 6 to measure the 
cuirait, Adcfidonal Op Amps generate the counter dectrode voltage and measure the 
reftience voltage ofdie sensor and convert the current to a vol^^ Ananalog 
swHc^ flUfgwy discof^ecHng tln^ dficfanonics from the seasar connector 18in4iennoseosoris 

25 installed 

The data coBected vA&e processing the sanq)le is stored in an external 8K t^te 
RAM 20 (JclG, 10) for an^yas by tiie software. An EEPROM memoiy 22 m^ be 
used to store the parameters for die measurement process. A lookiq>td>le, if incorporated 
30 imo the device, translates the result to the find (fisplayedvahie in diq% 
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A power supply 26 for the system (FIG. 1 1 ) is provided ether by internal batteries 
or a 120V AC power module. A cpmmerdal 16 character display 24 may be used to 
display messages and the final result of the measurement 

5 

Software Overview 

A support program for the unit allows a user to set the different parameters 
associated with the process. These inchide timing and vohage levds for each state and 
fiequency of square wave modulation used m the scan state. In addition, the data may be 
1 0 uploaded fiom the instrument and displayed. 

A hardware prototype was buih to provide a platform for the development of the 
software. A MOTOROLA b-Ciicuit-Emulator was used to allow tesdng the code as it was 
written. The software was broken mto indi^dualty assembled small mcxfades and then 
IS linked together. 

In addition, a simulation of the analyds routines was written in BASIC to allow 
testing di£ferent methods for aciquiation and analyias of data. This ainulation in BASIC 
was effective for devdopment of one embodiment of the device, the LeadCare™ Monitor 
20 iised for the detection of lead in blood and was also used for optimization of the 
LeadCare™ test system which includes speaal colloidal gold based dectrbdes used with an 
. dectromonhor cab^rated and deditated to lead testis 

Firmware Overview 
2S The firmware can be divided irito meaairement of the data and 

the host conqmter. Used in die context of the present nivention and as geneniDy 
understood by those skilled in the ait, firmware refers to the softrvare used as part of the 
disdosed device; that is, the software that is firmly fixed in the apparatus and ^ch has 
been espcdaSy devdoped for the embodiments disdosed and described hereia 

30 
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The measurement of data from the sensor is based on comiecting the sample to a 
voltage source for a fixed period of time and measuring the current. This system has been 
developed as a general purpose tool; as a resuh, there is considerable flexibility in the device 
for adaptii^ to measure a wide range of of analytes. 

5 

The firmware flowchart in FIG. 4 illustrates the steps in the process. Eachstephas 
an associated time duration set by the user. This time can be set to zgo, skipping that part 
oftheprocess. In additira,eadistq> has a voltage appfied to the sensor during^ 

10 The flowdiart shows that the routine starts in a loop, waiting for the "START" 

switch to be pressed. Once the switch is activated, each stqp is sequential. If the time is set 
to zoo, that step is skipped. The present system supports 4 stages: Initial dday, 
lhrecondition#l. Precondition ^ and 

15 The next stq) is caHed the Scan stage (see Stripp^ TWsstageis 

nKmoonq)lex. Theq>pUedvdtageistnOTfneDtedfo^ 
ofsteps. During each stqji, a smaB ofl&et voltage is antfed, fi^ 
then in. the negative directioa Durit« tins poative ofi&et time, the om^ 
measured and stored as the FORWARD current (F). Similarfy, during the negative oflfect, 

20 the current is measured and stored as the REVERSE current (R). 

When tiie scan stage is conqde^ed^ tte data anal^roiitineca^ 
between tiiese two curxeou and usii« tiiis data, calculates tiie a^ 

25 The firmware was devd(q)edlyareating a scries of module 

orfimctionandtiienBiiknigtiiem tQgptf» For the purpose of 

aiustration, the modules are gioaped into three secti«»s: software fi^meworl^ data 
coOection and analysis, and support modules. 
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Software Framework 

The framewoik modules make up the program environment. TUs oonasts of a 
main loop (FIG. S) vAich polls and waits for signals to perfbnn some activity. When a 
signal is detected, it exits and inns those modules associated with that signal. 

5 

For example, timing is aoconq)]isfaed using hardware in the MPU to cause an 
interrupt every S milliseccmds. When tMs interrupt signal is detected, the fimiiware 
TIMERIRQ" is rua This module handles the various time parameters such as the tinmg 
for the stages during procesarig. 

10 

The framewoik modules consist of the ^'INTF routine which imtializes the 
hardware and software memory, the main control loop in "MAIN** winch tests for activities 
reacfy to process, and the TIMERIRQ'* routine vMiii provides tnxing informatioa 
FmaDy, the ''VECTORS'* module provides sappoii for the MPU interrupts. 

15 

Data Collection and Analysis 

The firmware winch defines the fimction of the dectromonitor conasts of seven 
modules. The first module is in 'T^fAIN." This module contains tiiebasdc testing loop. The 
loop tests the status of the START switdi, the status of the process if started, and if any 
20 cormmiiiication requests have been received fiom the host computer. 

If tiie process has started, additional testiiig is done to support this inode. This 
additional testing is primarily to determine if the time is conqplete for a stage and, if so, 
setting up the next process stage. The timing is suppfied by the basic fiamework routine 
25 "TIMERIRQ*' vAndti generates a I-second signal which decrements the timer tor the active 
stage. 

The last scarming stage is handled in the same way. The software for this stage, 
however, is m a separate module "SCAN" to allow easier testing and modificatioa 

30 
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Also, during the initial procesang stages, the sensor is tested to detenmne if it is 
electrically working. ITib is accomplished Iqr calling the routines in 

The last four modules analyze the data coDected and saved in the RAM The 
'TTLTER" module first smooths the data collected and calculates the differoice vahies. 
The 'BASELINE'' module corrects tfie data for the basdine oflSet. (See section on 
analyas). Rnally the result is translated into the correct BLL value uang the routines in 
"LOOKUP." 



10 Support Modules 

The lemaiinng modules support the hardware, provide additional math routines and 
test the systent 



Hardware support routines: 

LCD, DISPLAY: 

RAM- 

EE_CODE: 

ATOD,DTOA: 

SERIAL, SERAURQ: 

BATTERY: 

CALCSUM, CHECKSUM: 
SELFTEST: 
STRIPTST: 
CALSTTUP: 



hardware 16 diaracter LQ) unit 
hardware external 2K memoiy 
hardware EEPROM unit 
hardware A/D,D/A 
hardwaresenaIRS-232 into&ce 
hardware,measurd>atteryvoltage 
hardware testing of [program monory 
hardware tesdng of analog drcuits 
hardware testing of sensor strip 
tests 



Software siq Tv^ ^'^^I 
COMMANDS: 
MATH: 
ROUTINES: 



software math routines 
software support routines 



DATA: 
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The firmware performs five internal test routines when started. These routines 
diedc the internal and external memoiy and analog hanhvare drcu^ 

5 The first routine tests the internal nienx)iy of the ndcn:>processor^ Theintemal 

RAM memory used to store variables is chedced and if an error is detected, the sy^em 
haks. 

The second test checks the internal program memoiy or EFROM TUs is done by 
10 calculating the checksum of the internal memory and comparing it to a vahie previously 
calculated and stored in memory. If the vahies are the same, the program memoiy is 
acceptable; if not, the system halts. 

The third set of tests diecks the external memory. The first test diecks the 
IS EEPROM memory win(^ contains parameters for die test^ Again' a checksum is calculated 
- and con^ared with a value stored in memory. If the same, the memory is aocq)table; if 
dififerent, then "SYSTEM ERROR'' is displqred. The lookup tables^ if used in the device 
are also verified and if an error is deteaed, "SYSTEM ERROR" is displ^. 

20 The external RAM buffer is also tested by writing a fixed pattern to the memory, 

reading it bade and comparing it to the previou^ written data If an error is detected, the 
system diq)l^ "SYSTEM ERRORS 

The final hardware test diedes the D/A and A/Ddrcuits. This is accomplidied by 
25 ouQnitting a known voltage fit)m the D/A unit and mb^ Three 
vohages are output, -2 volts, 0 voks, and +2 vohs. The result has to be witlm a preset 
accqrtable range. Ifan error is detected, the diq)I^ shows "SYSTEM ERROR'*. 
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Firmware Module Description 

There are 31 finnware modules. A brief description of eadi is gjven in Ae 

following sections. 

5 DEEINES.SRC 

TWs module contains names of variables and thdr addresses in memory. The first 
section contains the hardware locations with the corresponding names used in the software. 
The remaiinng section contains variable names widithe^ _ 

10 A164«kor2byteyariaHe,blabdedwfliancaidiiigof*^ 

byte or low byte. A24-bkor3 variableislabdedwith"H^ T^, T-forhig^ 
byt^ and low byte. 

TSHiSCR 

15 TMs itnitme initial It is also altered 

wben the system Im been powered down and the START switch 
systenL TUs routine pofinins die fdlomi^ tasks: 

Fust, it imtiaBzes the hardware iiqnit/outpat ports, the serial pei^hend interfece 
20 (SP*X die serial coininumcationsinteffece(i5CO and swne intend 

ft tests the internal RAM niemory by first writing aD ones to the 
firftowcd by zeros. Tto lea«« die memory reset to 2m> upon complel^ 

25 Next, die routiiie tests die mteinal program mcm(wy lyd(^ 

pR^gram memory qwce M «W9wra« 

BTeidier of diese two tests fte system win not turn on. 
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The banhvare tiiner is set to generate intenrupts every 5 nnlliseconds and the 
intemqyt logic is enabled. 

The next section ofcodedetennines the source oftbepow for the inst^^ If 
S the source is the IX: power niodute ininit, no batteiy diedc is d fftfaebattery is the 
source of power, the battery is diedced and if low, a flag is set to displ^ ''BATTERY 
LOW** message later. The power source dieck routnie is repeated every mmute during 
normal operation of the urut. 

10 The display is tested by tamng on all segments and activating the beep for 2 

seconds. 

The calibratibn strip code is displayed for 2 seconds. 

IS FmaDy, the dispfaqr shows ''READY.'' After the START switch has been rdeased, 

the system goes to the rnain entry pdnt in NfAnsr.SRC. 

MAIN.SRC 

The MAIN.SRC section of code contains the primary system flow loop. This loop 
20 consists of a series of questions that are sequenced thnnigh to detenxme which operation 
should be performed. The loop is run every S milfiseconds when the hardware tiiner causes 
an intenupt and the software exits the "TVATF conimaiui 

The software first tests if the system is proces^ng a s^or and is in the scanning 
2S mode. If so) it goes directly to the scanning software routine 30 in *'SCAN.SRC* When 
the routine is conq)leted, it returns. 

The next test d^ormines if the process is active. If it is, the process control routine 
isrun(FIGS. 6A-6D). This roirtine isi flow charted and will be discussed later. 

30 
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Next, the software determines if a command request has been received fiom the 
SCTialporL If one has been received, it goes to the TOMMANDmC*roi^ 
processes the command 

5 Finally, once every minute, the source of power is updated and the software loops 

back to the WATT instruction 36 and waits for the next interrupt. 

The process control routine (see FIGS. 6A-6Dft>T start) controls the hardware that 
is connected to the sensor Airing the test. The sensor test consists of a series of steps 
10 v^*ich prwondMon the sensor electrodes by apptyipg a voltage to the sensor for a given 
period of time. The actual naeasurement scan is then mWated to coUea the data whi(Aw^ 
be later analyzed and an analyte vahie d^ermined There are 3 stages prior to the scan 
routine: Mtial Dday 40, Precondition #1 42 and Precondition #2 44. 

15 x^n entry into this routine, the system detennines if this is ^ Iftfaisis 

the case, it sets iq> die imtial delay time. If the iiutial dday time is zero, then the system 
juiiq)stotbesetiq>routmeforPrecondidon#l. If the time is not zero it also diecks to see 
if the votoige is zero, this is so, the analog switdi does not connect the sensor to the 
electronics. Ifthe voltage is not zero, the anatogswitdi is turned on and Ae software goes 

20 to tte exit routine. 

Once the first seti9 routine has been run, the software loops to th^ 
remainiiig code is run every second Tfabisaoccnnplisbedfaymonitorii^afi^tfaatissetby 
the timer interrupt routme every second. die flag is o£^ the software goes to the 
25 command routine 

ffdie one secrad fl^ is on, the code first tests the dectrical connecticms to the 
sensor if the analog switedi is oa Next it tests i^di stage is presently runmng and 
condnuesAatroudne. These routines are all smilar. First the time the stage is to be active 
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is decremented and diecked for zero. If the tiine is up, software goes to the setiq) rcnid^ 
for the next stage. Iftfie tune is nm up, h exits througli the exhim)deroutu^ 

The setup routine stam by settirig the new nKxle or sta^ number. Nextit checks 
S the time dd^ for this stage and, if zero, skq)s and goes to the next stage. 

The first part ofthe sensor test is next. This test measures the anient coming fiom 
the sensor and saves the vahie. Next it outputs a new vohage for this stage. It reineasures 
the current and compares it with that previously stored. There should be a i£fference due 
10 to tfie new vohage applied. Ifnot, an error is indicated arid the error flag is set. Thisenror 
flag will be handled in the edt mode routine. 

The final stage sets up the scanning mode. It starts by diq>laying PROCESSING." 
Next it calculates a new voltage vahie based on the last voltage and step size and outputs 
IS this to the sensor. RnaOy it updates the firequency coumer and sets a flag to ^ 

the direction of current is po^tive, or forward. If the noahg switdi is liot on, it is turned 
on. 

The exit mode routine occurs next It chedcs to see if any error was detected by 
20 the two dectiicd tests of the saisor. If an error is detected, the displ^ diows "STRff 
ERROR" aiKi sounds a tone. 

SCAN.SRC 

The scan routine (FIG. 7) provides the actual data measuring software for the 
25 sensor dectrodienristiy. This routine "scans'* the vohage fiom the last vohage value up to 
a final vohage in equal stq)s of 2mV increments. Given an iiitial voltage of -500 mV and a 
final vohage of +50 mV, the software steps the vohage up in 275 steps of 2 mV. 
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During each step period, based on the frequency of the scan, an adcfidonal ofi&et 
voltage of first +25 mV and then -25 mV is appKed and the resulting currents measured and 
saved. SeeHG. 1. 

5 TTiefinnware to do this process consists oftvvo routines, one for the posi 

adjustment and one for the negative. When the positive oflSet is active, the current 
measured is called the FORWARD cmccAy and the negative offiet current is called the 
KEVEEISE current 

10 The frequency of the scan is determined by the hardware inteimpt timer rate which 

is set at 5 milliseconds and the count m the fluency counter. For a frequency of 50 Hz 
used the test ibi& count is 2 wMch makes the p^od equal to 10 milliseconds or 20 
milliseconds fer the total square wave (^e. 

IS The cunent is measured by a subroutine that actually measures tiie Gurxent fiair 

trmfs d ^Tffa g gat^h Kal f ftf the grpiare wave cyde and averages the results. Tins is dcHie to 
reduce efifects caused by ndse in the system. The calculation is done using 3 byte variabtes 
due to scafing on the A/D results. 

20 Tte conqsleted nieasurement is stored in the external The 

record format in the RAM is as fiiBows: 

N Forward current 

N+1 Revereecunent 

25 Nf2 VdU^appBedtosenscff 

N+3 Di£ferem» current (calculated at a later tin^ 



30 



EDLIULSRC 

The filter routine perfimns four fimctions. It fitters bodi the forward and reverse 
cuirent values in the external RAM buffers. Next it calculates the (fifiEerence between 
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fiHivard and inverse currents and stores this in the bufifer memoiy. Finalty it smooths 
difference data before analysis. 

The filter algoiidim is a runniiQ average of 8 values. It is easy to divide by 8 anqily 
S by shifting the result 3 times to the right The eight vahies are chosen with* the value of 
interest m the fourth positioa 

Tlie routine starts by adjustug the starting and di^^ 
used in the averaging process at the two ends ofthe data table. Next tte l^le is scsanned 
1 0 adding up 8 values, dividing by 8 and storing the result 

In K^^r^^^^z difierence, the code scans the memoiy buffer, subtracting the 
reverse Smn the finwaid current vahie and storixig the resuh in the last location of the data 
reccntL 



IS 



20 



ANALYZE^C 

The analysis routine is the most con^iex of the modules due to the number of math 
operations. The routine to do the analyas was devdoped after encountering the limited 
capaldMes of the microprocessor to perftmn complex calculations. 



The data coDeaed by the processor consist of the difference currents collected over 
a voltage range defined by tiie parameters of the system. These cfifierence currents, \^ien 
plotted yidd a curve consisting of a peak sup^imposed on a bas^ne 
2). The analyas routine first removes this sloped basdine and th^ calculates the area 
25 under the peak portion of the curve. This area is the measured signal of analyte in the 
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The analysis rcHitine works by noting that there is a mimmum on either side of the 
peak. Drawing a line through the two minimum points and then subtracting the line 6oni 
the curve removes the baseline o£&et. 
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10 



The two mininium points are chosen by Smhing the range that the software 
searches. A low range is defined on the left ade of the curve (at more negative voltages) 
and a high range on the range on the right (at more positive voltages). Whhm these two 
ranges^ two. minimum points are found and used to calculate the basdine. 

The routine was first tested u^ng a Emulation written in BASIC fi-om data 
collected on sanq>Ies. This showed that the routine worked best w^en run twice. Acgust 
the data first, then run the routine a second time to fiirtfaer improve resuhs. 

The routine for running the analysis is set up in SIX steps: 



1. End &e low point in the two ranges, the low and high 

2. Calculate the slope ofthe line drawn between these two points 
IS 3. Subtract this basdinesvahiefix>m the data 

4. Repeat 1 through 3 above to inpx>ve accuracy 

5. Calculate the area between tiie two minimum pomts 

6. Convert Ae area to a lead concentration vahie and diq>l^ 

20 The routme uses a series of subroutines to organize the above process and allow 

testiqg of each stq). The roudne TALC MIN~ finds current vahie between two pdnts 

Npct the itnifines in **BASELINE** calculate the slope and ^ equation Syr the 
2S l«t^Hm> iidng the two tnimm^im pcniits. Thc scrftware then subtracts the baseline vahie 
fix>m the difference current Then the XA1X_MI^^ and BASEUN" routines are rq>eated 
to inqprove the accuracy of the sgnal measurement. Hnally, the last routine 
'MPASAREA" calmlBtf!? imHer the curve between the two mmmum points and 

returns a numerical resuh in arintraiy (A/D) units. 
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lUs vahie is then scaled into units of "peak area" so it can be conq>ared witb a 
simulation program used to test the code. For example, in Uood lead measurements, 
routine "LOOKUP" ynH take the agnal vahie and convert it to a lead concentration resuh, 
i.e.,aBLLin)ig/dL. 

BASELINES.SRC 

This routine removes the basdine offiet fiom the oripfial difibrence cunent curve. 
The procedure is to calculate the equation for the best line fitting the curve at two pcnnts 
and then subtract this line from the original data. The basdine equation is calculated by 
knowing the two minimum points, eg., X2, Y2 wUcji is the mmimum pdnt in the 
range and XI, Yl (the minimum point in the low range). Given these two points^ the 
equation for the line is: 



1) C^culate Y2-Y1, these are the difiference current vahies. To increase the 
overall accuracy, this vahie is scaled by 1 6. 

2) Calculate the X2-X1 term, these are address vahies. The resuh is a number 
of data points and is ahvq^ positive. 

3) Divide the above two numbers. Tius result is caDed the delta vahie and is 
scaled by 16 to match the scaling of the difference cuirent vahies; 

4) Next subtract the basdine from the diflfarace current curve by starting with 
tiie left mnmnum point Subtract the nrntiimim point vahie and then the ddta value 
muMp&ed by the position number. Continue this process until all the vahies of the 
curve gcsng to the right are calculated. 
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5) In Older to make the data look bettCT \^ gr^hed, sub^ 
fix)m the airve staitmg frcHn the left ininii^^ 

LOOKUP.SRC 

5 The LOOKUP module converts the area under the curve into a final analyte vahie 

wUch is displayed. The routine uses a lookup table" (see below) to perform the 
converaon, demoiistrated here for blood lead levds(BLL) in detennira^ ThetaUeis 
organized into ten paired cohmms (EEPROM address paired with value). The table is 
stored in the EEPROMmemoiy by the pro-am. The particular system described siq)ports 
10 el^ ei^(80)setsofca£brationdata. The numbers are 16 bit words (2 bytes). 

Cohmm 1 of die lookqp table Oocations 000-0089) contains an active (working) 
caEbration curve. It is a set of90 calibration vahies of the SWCagnal, corresponding to 
die BLL vahies in Cohmm 2. TKs caBbration curve is one of die 80 calibration curves 
15 stored in Cohmms 3-10, and is used by the Monitor software to calculate*^ 

measured agnaL The content of tUs column is tqpdated through an dectroiuc caUhradm 
process vibm a, LeadCare Sensor calibration strip is used 

Cohmm 2 Oocations 0100-0189) contams a set of 90 Bli vahies covcrii® die 8^ 
20 to 62.S^g^dL range in 0.6 ^g/dL increments. 

Cohimn 3 diroi^ 10 Oocatfons 0200-0299. (SOO-0399, 0« 
0600-0699. 0700^99, 0800-0899, and 09004)999) store 

values of the SWC gign»l^ representing eight (fififerent calihratioai patterns of die ^igpsi vs. 
25 BIX dependence. Togedierwidi die BIX vahies in Cohmm 1. die first 90 

set rqvesent a suig^ cafibradm curve. Hie last ten vahies m each table represent 10 
rfiflf^yimt nfl^y frr thft i ipward aigustment of die Stored calibration set 



30 



Because of the fimited number of entries m the table, die fiimwai e interpolates 
between two values to iinprove die resdution of the coiiveraoa 
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The lookup table contains infixnnation equivalent to 80 distinctively different 
caSbratton curves. IXring the sensor calibration stq), one oftheseairves is sdected for tte 
measurenientvKff a calibration strip siq)idiedvn^ The 
selected calibration curves are loaded into Column 1 (for exani|de; 
AREA-AREAl+offietl) and then become wcHkiiig cafibration curves in the measurement 
QfBLL. 
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LOOKUP TABLES 



EEPROM 


Vajue 


EEPROM 


VahM 


EEPROM 


Value 


EEPROM 


Value 


EEPROM 


Value 










011111699 




BtiUI ww» 








0000 


AREA 


0100 


LEAD 


0200 


AREA1 


0300 


AREA2 


0400 


AREAS 


0001 


AREA 


0101 


LEAD 


0201 


AREA1 


0301 


AREA2 


0401 


AREAS 


0002 


AREA 


0102 


LEAD 


0202 


AREA1 


0302 


AREA2 


0402 


AREAS 


0003 


AREA 


0103 


LEAD 


0203 


AREA1 


0303 


AREA2 


0403 


AREAS 


0004 


AREA 


0104 


LEAD 


0204 


AREA1 


0304 


AREA2 


0404 


AREAS 


nnnc 

0005 


AREA 


nine 

0105 


1 can 

LEAD 


0205 


AntAi 


Uouo 


ADCAI 


114110 


AntAo 


0089 


AREA 


0189 


LEAD 


0289 


• 

AREA1 


0389 


AREA2 


0489 


AREAS 










0290 


OFFSETI 


0390 


0FFSET2 


0490 


OFFSETS 










0291 


0FFSET1 


0391 


0FFSET2 


0491 


OFFSETS 










0292 


OFFSETI 


0392 


0FFSET2 


0492 


OFFSETS 










0293 


OFFSETI 

• 


0393 

• 


0FFSET2 


0493 


0FFSET3 










• 

0299 


OFFSETI 


» 

0399 


0FFSET2 


« 

0499 


0FFSET3 
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LOOKUP TABLES (CONTD.) 



ucr nuivi 


VOIUIS 








Value 

• Blue 


EEPRO 


Value 


EEPR 


VaiiiP 


OUUI6S5 












M 
III 




OM 
















address 




addre 




















ss 




UDUU 


A DC AVI 


ncnn 
UDUU 


ADCAR 
AncAa 


n7nn 


ARFAR 


npnn 


ARCA7 
AnCA/ 


nonn 


ARcAB 


UbUl 


ADCAil 


UqU 1 


ADCAC 

AncAb 


u/Ui 


ADCACS 
AtlCAD 


nnni 


ADCA7 
AncA/ 


0901 


AREAS 


UbU/ 


ADCA/I 

AKbA4 


ncno 


ADCAC 

AntAb 




AntAb 


nfin7 

UoUZ 


ADrA7 

AncA/ 


0902 


AREAS 


uDUo 




ncno 
UbUo 


A DC AC 

AncAb 


n7nQ 
U/UJ 


AntAD 


nflno 

UoUJ 


ADCA7 
AncA/ 


0903 


AREAS 


0504 


AREA4 


0604 


AREAS 


0704 


AREAS 


0804 


AREA7 


0904 


AREAS 


0505 
• 


AREM 
• 


0605 

.• . 


AREA5 


0705 
• 


AREAS 

• 


0805 

• 


AREA7 

• 


0905 
• 


AREAS 

* 


0589 


AREM 


0689 


AREA5 


0789 


AREAS 


0889 


AREA7 


• 

0989 


• 

AREAS 


0590 


0FFSET4 


0690 


OFFSETS 


0790 


OFFSETS 


0890 


0FFSET7 


0990 OFFSETS 


0591 


0FFSET4 


0691 


OFFSETS 


0791 


0FSET6 


0891 


0FFiSET7 


0991 OFFSETS 


0592 


0FFSET4 


0692 


OFFSETS 


0792 


OFFSETS 


0892 


OFFSEU 


0992 


OFFSETS 


0593 


0FFSEr4 


0893 


OFFSETS 


0793 


0FFSET6 


0893 


0FFSET7 


0993 


OFFSETS 


0599 


0FFSEr4 


0689 


OFFSETS 


0789 


OFFSETS 


0899 


OFFSEH 


0999 


OFFSETS 
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The finnware stsnts hy tesdog that the "offiet" vahie is sot smaBer or larger than 
thfi ynmim^im ^ msadn^m vahie m the first cohnm (oflSct) of the table, tfais is to be the 
case, then the display wiD show •1X)W" or TOGH* coi^ 

Next the first cohimn of the table is scanned starting at the beginning for a vahie 
that is larger than the "oflfeet** vahie. When this is found, the previous position is saved as 
and the corresponding vahie m the lead coiunm is saved _ 



10 As an exanq)le of usmg the Lookiq) tables m a typical analysis for blood lead levels, 

the firmware wiD perfixm an interpolation calailation tisiig the formula: 

yAnae o&et ( ) are vahies in the ofket cohmm and LEAD ( ) are vahies in the LEAD 
cohimn, and o£&et is the original iqnit vahie, 

15 

The final vahie is the LEAD(N) + Fractioa This is the final result of the BLL 
nieasurement T)(Mch is sent to the DISPLAY inodule fo^ 

STRIP.SRC 

20 Tl&s routine contains two tests yMdi are perfixmed during the processn^ of the 

sensor to determine if there are any problems with the sensor connections to the dectronics. 
The sensor has three ccHmecdcms: the reference dectrode (REF), the counter electrode 
(CE) and the woridcfg electrode (WE). AAird test is needed to determme if the installed 
sensor is a caSsration sti^. 



25 



Ibe first test (STRIPTSl) diecks the dectiical connection b^ween the KEF 
dectrode and the CE dectrode. the dectrical connecticms are correct and the sensor 
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dectrodes are suflSdendy covered by the test sanq)Ie, the voltage of tiie CE electrode 
should be the same as the REF dectrode but of qyposte polarity. 

The finmvare diecks the (X and REF dectrodes by 
S and adding them togedier. The result should be zero or very dose to zero. Thetestdiecks 
to oonfinntfab difference is less than l(X)miIlivoh^ Ifthevahieislai]^, anem>rflagisset 
(the di^Iay shows CHECK STRIP). 

This test is performed eveiy second i^en tfie analog dectronics is connected to the 
10 sensor by the analog switch. (SeeMAIN.SRQ 

The second test (TEST JVEl, TEST JVE2) checks the dectrical connection to the 
working dectrode (WE). This test works by assuming that the current bdng measured by 
the WE win diange v^en the voltage being applied to the sensor by the CE changes. 

15 

The test is perft)rmed in two stages, the first (TESTJVEl) is to measure the. 
current before the vohz^e is changed saving this vahie. The second, (TESTj;VE2X 
measures the curr^ after the voltage has changed and checks that it is different fix>m the 
first If the vahie has not changed by more than 125 nA the assunqrtion is made that 
20 something is wrong with the connection to the WE and the system signals an error (the 
display diows CHECK STRIP). 

The firanvare actually d^ks to see if tiie voltage has dianged by more than 50 
millivolts due to hmitations of the hardware. This diould be noted in case the voltages fiom 
25 one stage to the next do not change by more than this vahie. 

This test is conducted twice, first when the voltage ^fied to the sensor is dianged 
during transhion fiom PRECONDITION #1 to PRECONDITION it2 stage, and second 
during transition from PRECONDITION #2 to DEPOSITION stage. This test is not run 
30 when the analog switch is off It is also skqjpedifthe time vahie for the stage is zero. 
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The tlurd test checks whethw- the sensor or a calibration strip is connected to the 
device. The test is based on the anrent diang?ng afte* the Precondition #1 voltage is 
appKed to a test sensor with sample. On the other hand, when a calibration sti^ is 
5 onmected the cuirent does not change in time. 

The routine first nieasures the oiirait one millisecond into the Precom and 
eveiy five milfiseconds until two consecutive changes of more than 125 nA are 
detected. AVhensudidianges are detected the routine assumes it is a te^ If the 

10 cuirem does not chai^witlm 2 seconds of the Precondition 
the installed sensor is actually a calibration strip. 

CALSTRIP.SRC 

This rmitinff dfte rm"^ *he size of the two resistors on the calibration strip. Tliisis 
15 done by connecting each resistor to the output of the D/A convener, one at a time, and 
sequencing the voltage up in steps of 10 mV until the output is 10 mA. Tlus technique 
aDows using resistors in linear stqps of 10 Kohms. 

These two vahies are used to sdect one of ti)e eight calibration tables stored in the 
20 EEPROM The secoml vahie is used to sdect one of the ten offiet vahies in tiiat table. 
The offi^ vahie is added to all the values in the table to aUow shifting that cbta to best 
match tiie characteristics of tte LeadCare Sensor. 

This is done by rea£ng one vabe fifom the sdected tabl^ adduig the sdected 
25 oG&et, and itorii^ the resulting vahie in the first table of the EEPR^^ 

The calibraticm strip code is diqdayed on die IXn> when this pr^ 
The two-character code consists of a numeral (1, 2, 3, 4, 5, 6, 7, or 8) rqiresentii^ the 
table number and a letter (A. B, C, D, E, F, G, H. I. or J) representing die ofi&et (A= 1 . 
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B=2,eia). When the calibration strqi is ren^ 
mode. 

As part of the sensor mami&cturing process, each production batdi of sensors is 
5 caKbrated. One ofdie 80 calibration oin^vdmA are stored on the de^ 

best matdies the cafibration data obtained for the current batch of sectors. This makes it 
posable to assign a corresponding cafibratidn stiq> which will be supplied with each 
package of sensors produced in thai batch. 

10 CALBUTNJ5RC 
BUTNCMD&SRS 

These two modules support the toudi memory system that is used to enter 
caUbradon data mto the nxmitor. The first module contains the two main routines, the first 
detects if the touch memory is connected to the connector and the second reads the data 
IS and transfers it to the EEPROM. 

The touch memoiy inpvi system works by having the user touch the memory 
button to the connector mounted on the outside of the housing. The first routine is called 
eveiy 10 milliseconds by the main polling routine to detect if the memoiy is connected. 
20 When it is detected, the second routine is caDed which reads the data firom the memoiy umt 
and stores it in the RAM manory. The CRC vahie is checked and if correct, the data is 
copied from the RAM to the EEPROM memory unit. If the data are not corrected, they 
are read agam and the test is repeated. The system tries three times and then displays an 
error message on the display and exi^ 

25 

The additional module is used to support reading and writing the memory unit 
uang the MONITOR program. These routines allow the MONITOR program to write the 
calibration data vahies into the toudi memory unit. 



W097/D8544 



-40- 



PCT/US9IW3844 



IJFDATE-SRC 

This routine ouq>uts data to the LCD display driver. The digital data are first 
convKted into segment data. The message symbols are obtained fi-om flags in two 
variaUes. 

5 

The data are sWfted into the U3) drivCT using the SPI port 
output registers by tpgg^ the diq> sdectline. 

DISnAY.SRC 

10 Tins module supports the U3> unit dispkqr \\«ch is a si^ 

LCD. The actual drivers for the diq)l^ are in the module LCI).SRC. Thedatadi^l^ 
is based on the mode mmtiber in variable *IX3>M0DE." 

DISPLAYMODE: 

15 

1 I^hsys runnii^ infiirmation and time to conqdete process: 
'TEST XXX sees" titdiere is the seconds remaii^ 

2 iMsplays result: "XXX*' or TfflCffl" w "LOW" in select^ 

20 

3 D^jteys CALIBRATION <»"wfaTO## is d^ 

■■ ..str^;' • 

Routine "CLRJLCD" dears the LO) unit cxcqjt 

25 

ATOD^C 

IMs module supports a 12-bit analpg to digital converter such as the LTC1296 
QJNEAR TECHNOLOGY, Ina). TKs A/D has S miog i^uts and mtetftces to the 
imcroprocessor using the SPI, serial peripheral taterfiic^ The A/D is used to measure the 
30 current ftomtite test semor, the battery voltage and adfitionalinternd 
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The finnware to support the AID conasts of two routines^ one to read values and 
one to power down the unit for power conservatioa 

5 The first routine (AD JKEAD) reads one input diannd of 

resuhs in "ATODH, ATODL." TUs resutt is left justified in the 16 !nt word. It is in 2*$ 
cbmplemoit notatioa The voltage reference is 4.096 vohs so the scale is 1 bit » 2 
mOfivohs. The vahie is left justified in the 16 Ut word. 

1 0 The looloq) table xoof be used fi>Ik>wing the routine to generate the address for the 

iiqnit multiplexor. 

the second routme (ADPWROFF) sends a command to the AID converted that 
puts it into a power down mode. Hi tMs mode the unit draws veiy little djrr^ Whena 
15 conversion is requested, the unit powers backup. 

DTOA.SRC 

The DTOA module supports the MAXIM 12-*it digM to analog converter. The 
microprocessor interfaces to the D/A using the SPI or serid poipheral^^ ThisD/A 
20 has a buih in 2.048 voh reference. An itqnit value of zero gives the lowest vahie of -2 048 
volts. The hi^est 124)itvaheof 4095 gives an ou^ of +2.047 vote^ 
The formula for the output vohage is: 

Output Volt =-(-2.048) + N *(imillivolt) 
where N is a number between 0 and 4095. 

25 

The firmware module outputs the vahie in variable T)Ajy>A_L" to the D/A 
ccmverter usit% the SPI port 
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RAALSRC 

This module supports the external me0iory\'rindi stores the conected data befim it 
is analyzed. The haniwareinq)Iemaitationoftfae RAM conastsofanSK static 
5 and two 8-bit latdies. The Jatdies are loaded with the address ofthe data to be 

read An 8-bit data bus^ port C of the microprocessor, is used to load the two address 
latches. The lower 8-bits of the address are ou^ on the data bus and a control line 
latdies this data into the lower address. Sinflariy, the upper 8-bitsofdata are output on the 
data bus and a second control line latches these data into the iq>per address. 

10 

This same data bus is also connected to the mput/output port of the RAM. Once 
the addresses are setup, another control line called READ/WRITE is used to set the RAM 
mode. The CHIP SQ£CT control line causes tte data to be read 
,orwrittcnintotl«5mem^ 

15 

For readily data from the memory chip, the data bus is changed into an input port 
by settnig the fiectkm registers to zeros. When the port is an output port^ the direcdon 
registers arei set to one. Also because the hardware address latdies are not readable, a 
softwaie vanabte "llAMADRIU^" Whenamemoiy 
20 qperation is pofi^med, these variables are tised as ^t^^ All memoiy 

operations are word pr 2 tryte q>era^ 

The two firmware routes siqpport readii^ the roemcHy (RAM_RD) and wiidi^ 
data to the memoiy (RAMJWR). Both routines first write the address to the latdies and 
25 read or write 2 bytes of data. I^ote that vdimscompleted, the address has 
thenextwc»:d 

An additional loudne aDows ^Ivandng the memoiy address (ADV_ADR) by one 

word. 

30 
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SERML^RC 

TUs module contains support routines for the serial oommunications to a host 
conqnittf. The serial hardware interfice is setup to imenupt on incoming 
the host conqTuter. The routine "SERIAURQ.SRC" handles the interrupt and sets a flag 
S indicating a character is ready. The main routine polls this flag and iffound set, goes to the 
communicadon roudnes in "COMMANDS.SRC." In addition, if one of the conmiands 
needs additional infoiniadon. It calb routines in this nxK^ 

The first routine (INjCHAR) gets one character from the host computer. It is 
10 typicaDy called by one of the command routines when requesting data finom the host 
conxputer. It polk the character ready flag and, when set, exits bade to the calling nni^ 
with the carry flag deared. also has a time-out timer set to 1 second. If no character is 
received b this time^ it sounds a tone, sets tte 

IS The next routine (INJNUM) is used to iqiut a number &om the host conqputer. 

The routine receives a diaracter and tests if it is the end diaracter (RETURN) and if so 
exits witii the number in "TEMPH>1,L.'* If it is a nuniber, it is added to the previous 
number Iqr first muttipfying tile origmalmmto In 
this way, any size number can be received. 

20 

TWb routines are available to cHitput dianu:t^^ 
The fii ni waie routine to output a character first tests if the RS-232 inter&ce chip is 
powered on. It is nonnaOy powered off to save power. If not powered on, it is turned on 
and a dday of ISO milliseconds allows the power to stabilize. The character is then ou^nit 
25 tothehostconqniter. 

The second output routine is used to output a 2 byte value to the host computer as 
a dedmai number. First the vahie is converted to a decimal number, then converted to 
ASCn code and sent to the host confer. 



10 



20 
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The last two routines send to the host computer ertfaer a single carriage return (CR) 
or a combination of carriage return and line-feed (CRJJO* 

SERALIRQ.SRC 

TKs module supports the interrupt from the serial inter&ce to the host conqniter. 
The serial interfece internal to the microprocessor is set to interrupt upon recdving a 
character from the host computer. When this occurs, this routine is called. Thefimnvare 
receives the character from the serial port and tests for any errors. At this tim^ nny 
hardware enors are ignored and the software exits. 



Thechaiacteristestedtoseeif it's a -CONTROL C. If so, thai the command 
mode flag is reset, the analog switch is turned off and the cairy flag is set to indicate esror. 
The purpose is to allow the external host conq>uter to halt any command presently in 
progress and cease any activity to the sensor in case Ae hardware should M and lode i:^ in 
15 Uie command inode. 

Next the chatacter is tested for the START conimand, an '^C' 
the cQTYmrigmrf flag is set SO that the next time tte main routine tests for a command 
received, it wiU go to the conimand software routine. 



Finaify the diaracto* is stored m the receive variable and the data rea^ 



COMMANDS.SRC 

The system was designed to inteifiice to a host conp^ 
25 of new param^eis for the process. Jn Bddadoa to tfiese c ommands, didoAaasi commands 
implffmCTtted fo allfw testiiig the sysi em during the devdopment process^ 



30 



A command packet from the host computer consists of an TpSC" character 
followed by a single diaracter v^cfa defines the command Soac c omm a nd s need an 
additional number, this is entered as a dedniatimniberenda^ with a carriage retura 
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Bdow is a suimmiy of the commands. A command can be halted by sending a 
"Control C dmracter. 



SYSTEM: 



routine 



Resets the system by jumping to the initializatiQn 



10 



EEPROM: 



15 



tipit 



RAM: 



Loads the EEPROM address, fiom 0 to 1023 
Writes 1 6-bit vahie imo address 
Reads 16-bit vahie fiom address 



20 



"M" 



Loads the RAM address 0 - 2047 
Writes 16-bit vahie into address 
Reads 16-bit vahie fit>m address 



25 



PROCESS: 



Commands for testing: 



Starts process 



30 



"FT 



Sounds alarm tone 

Runs filter routine on data in RAM bufifer 
Runs analysis routine on data in RAM buffer 
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Returns calculations of nmmnum points 
Outputs vahie to D/A, #N = 0 to 4095 
Returns A/D value finom diam^ ifiN 0 to 7 

5 ROUTINES.SRC 

The Pwr-Down routine is used to power down the system vAtm it is turned oflf by 

the software. It to turns offa transistor used as an on/oflF switch to aU external hardware. 

Next it s^ up the microprocessor iiq)ut/output ports so they can be powered down also. 

Rnally it puts the microprocessor into a "SLEEP" mode. The system wll exit tMs mode 
10 when the external "START" swildi is pressed causing an interrupt 

The BIN2BCP routine converts a 24-bit binary nunjber stored in TEMPHML 
into five BCD nurnbers store mTHOUS JO, THOUSJIUl^ TWsis 
done by subtracting first 10,000 fit)m the binary number untfl the result is negative then 
IS subtracdntglOOO, 100,andfina%10. 

The BCD2B1N routine converts the BCD numbers in the five variables into a 
binary nund>er. 

20 The DIVIDIO routine is used to divide the final result by 10 for displ^ purposes. 

It does this by first converting to a BCD vahie, dnfting the BCD numbers by 1 position and 
then reconverting to a Unary iiumber. 

The BEEPER routine drives the jnezo transducer to create the s 
25 the "BEEP" or tone signal 

MAmSRC 

TWi math f^t nil^ rwiR cntitatti two routines that perform mathemafical fimcticMis, 
The MULTIIO routine inuhipBes Renumber in TEMP^^ Itdoesttts 

30 using the fimnular. 
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M]MpIyiiigby2and8aiesiinpleshiftoper^ The software generates the two 
intennediate results and tfien adds them to giet the answer. 

5 The divide routine divides a 16 bHvahie in "TEMPHT^^ 

10*N - 2*i\r + 8*N 
"DIVSORItDIVSORL- and returns the resuks in 'miPM.TEMPL." 

EE_CODE.SRC 

These two routines support reading and writing the EEPROM unit. This protocol 
10 requires that to read the EEPROM the upper address and conunand mode data be sent, 
then a start sequence, the Iowa* address data, and finally a stop sequence. Now the iqjper 
address is resent, followed by a start sequence. Now the upper address is resent, followed 
by a start sequence and the first byte of data can be read. The second byte is read next, 
foUowed by a stop sequence sent to shut down the EEPROM. 

15 

The second routine (WRrrE_EE) writes data into the EEPROM. Again the 
EEPROM defines the protocol First the upper address and stop sequence are sent Then 
the lower address and the first byte to be written are sent, followed by the second byte to be 
written and a stop sequence. 

20 

BATIERYJSRC 

The battery test routine measures the battery voltage. Based on preset vahies, it 
reports if the battery is 0K» low dead. 

2 5 The battery voltage is divided in half by a resistor network before being connected 

to the A/D converter. To compensate for the high resistance of Ae divider network, the 
dock speed of the SPI port is reduced as is the clock to the A/D converter. 
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The finnware starts by readii^ the battery vokage. The voltage is actually 
measui^ twic» and averaged to reduce ncrise in the 

5 Next the vdhage is compared to a preset nrnnmum vahie that imficates that the 

battery is OK. ffthe vohage is above this amount, the error flags are deared and the 
^stem exits. 

If the battery is bdow this preset minimum levd, then the next step is to test to 
10 determine ifthe battery is bdow the preset "dead" level Again, if the battery is above the 
dead vohage level, the error flag for low batt^ is set and the system exits. 

If the battery is bdow the operatbnal voltege levd, the analog drcuits will not 
work correct^. Even though the mianoprocessor system is fimctional, the system is hahed 
IS by dealing the display and shutting o£ 

SELFIESr^C 

This rnodule coiitaiiis foiir test roiitines which test the hardware 1^ 

first turned oa An additional two tests are done in the INTT.SRC routine. These are the 

20 tests oftheinteinal RAM arid the program iiiemory of the rmcrc^ 

The first test (DATAJIST) diecks the data stored in the EEPRO^Ts first 20 
Ipcarinm wWr> CH'^t ^yn f be parameters for the process run on the sensor. Forexanq)le^tfae 
EEPROM yAiea loaded by the LeadCare Monitor program, stores in locaticm 20 the 
25 diedcsumoflocationsltfarou^ 19 indusive of the EEPROM. This rou^ adds up these 
locations (1*19) and conqiares the result widi the value in locatioii #20. If it is the same^ 
the data is correct Ifthe two nmnbers are tfiffirent, then the cany flag is set ^dica 
the ^lay to show "SYSTEM ERROR #r message. 
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The second test checks the analog/digital converter It 
does tins by outputdng fiom the D/A a vohage and then measuring tUs vohage vnA the 
A^. TUs is not a peifsct test because the refeim:e voltage f^^ 
reference so, if h is not correct, the test may still work. 

5 

The test consists of three parts, first the D/A outputs a voltage of -2.0 volts, 
measures tUs vahie and detennines that it is witlun ± 2.5%. Tins enor tolerance is to 
conq)aisate for small hardware offiets in the converters.^ The next test output is zero vohs. 
FmaDy the D/A outputs +2.0 vohs. If an error is detected, the display shows "SYSTEM 
10 ERR0R#2." 

Hie third test is to check the external RAM buffer memory. This is done with a 
simple roudne that writes the address of the locadon into the memory starting at location 0 
and going to the end. It then reads the data and compares it with the address and checks 
15 that they are the same. If an error is detected, this condition will cause the displ^ to show 
"SYSTEMERR0R#3.- 

At this time, the system error is reported but the system wiO still be allowed to rua 
For a production unit, the system wiD be shut down upon detecting an error. 

20 

The fourth test chedcs the chedcsum of lookup Table #1 agamst the previously 
calculated vahie stored in EEPROM. IF an error is detected, the display shows "SYST^ 
ERR0R#4." 

25 EXITRQ.SRC 

The external interrupt is generated whenever the START switch is pressed. The 
reason for having the switch connected to an external interrupt is to allow the system to be 
restarted when it has been pov^rered down and put into the sleep mode. If the switdi is 
pressed v/ben powered down, the system is re^arted by jumping to the initialization routine 
30 INir.SEC. IF the system is already powered on, the interrupt is ignored. 
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The START switch is also connected to an input port wWdi is pdled in ttie 
TMERIRQ. SRC routine which monitors the switch and sets a flag if the switdi is detected 
oa 

5 

TIMERIRQ.SRC 

The timer intemipt software is entered when the internal hardware 1im& of the 
microprocessor causes an intenrupt This iatenupt rate is set for eveiy S ndlliseconds and is 
veiy accurate as it is based on a oystal timing circuit. 

10 

The timCT works by having a free running 16-bit counter incremented by the 
oscillator of the miaoprocessor. Internal drcuits conq>are the counter vahie with another 
IdT-bit register. Whoi the two vahies are the same, it causes an mterrupt to dday a fixed 
time period, first read the present vahie of the hardware fiee running counter, add it to the 
15 time dday and store this vahie in tte conq»re latch. When the two latdies conq>are^ the 
time is up. 

Upon entering this routine fitxn an interrupt, the finnware restarts the timer 
hardware. TUs is doiie by getdi^ the present count value, addii^ to it the valu^ 
20 milGseconds arid storing this new vahie in the hardware coiiq>are r^jster. 

Next tiie counter decrements for the scan fi^quency . Ttus win cause the scan 
sequence to occur at the correct fitquenqr rate. The renwinmg software is run every 10 
nuDiseconds. A flag is checked to detofmineiftUs is tiie second inteniq>t^ 
25 code oondmies,Gd»wise it exits. 

The remahnng co(te is run eveiy 10 irutfiseoonds. It first tests the conAdon of the 
START switch. This routine dd>ounces the si^ntc^ by requiring that it be stable 
nsffiseconds before a flag is set iru&catirig Aat it is on. 

30 
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The next nnitines are used to decremoit the tuners that are based on tiie 10 
nuDisecond time. These are used m the rest ofthe code to dd^acdons or act as tnne out 
tuners. 

S The next section (rf'code is activated only eveiy second ami is used ^ 

that are based on 1 second time intervals. 

Finaify the last secdon of code is based on 1-nnnute intervals and is used to 
deoement the time the unit is active. If this time becomes zero, tiien the software goes to 
10 the routine that powers off the systenL Note that the power down timer is reset ^enever 
the START switch is pressed or a diaracter is sem fix)m tiie host con^^ 

CALCSDM.SRC 

TUs ibutine is used during the final producticm of the software to calc^ 
IS cbiBdcsum of the program memory sp3cc It is run using the ICE devdopment system. 
Wiien run and Uhed, the CHECKSUM vahie is in the accunnilator. This vahie is then 
stored in tihe diedcsum data field in the module DATA.SRC. 

When the syston is first turned on, a routine is run that calculates the program 
20 space checksuHL This vahie is conipared with the value stored in the data space. Ifitisthe 
same, the program space is accepted. If (fifierent, the program memory space is no loiter 
correct and the i^em halts. 

CHECKSUMSRC 

25 This routine is nm when tte system is first turned on or powered bade on by the 

START switch. This routine adds up all of program memory space to generate the 
checksum value. This value is conq>ared with a vahie stored in the data memoiy location. 
If the two vahies are comparable, the program space is accepted. If tiie values do not 
agree; tiie p rogr am space is not correct and the system halts. 
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The checksum in the data memory space is calculated by the CALCSUM.SRC 

routine. 
DATA.SRC 

5 This modde contains data \;^ch is stored in the pro Thefiist 

location contaim the diecksum of the program q)ace for teeing. The remaining q)ace is 
available for storing information about a product 

VECTORSJSEC 

10 Tins module is finked into the program ^>ace at the very top and contains the 

vector addresses for the dififerent interrupts. 

The following exanq)les ilhistrate particular q>pfications of die herm discbsed 
dectrocfaemical anafyzer. It w3I be readily BppsmA to a skilled artisan that chai^es^ 
IS modifications and alterations may be made to the Asdosed apparatus and software 
: comUned therewith without dq»a1iiigfix)mtiie true sc^ 

EXAMFLEl 

20 The disclosed device is convemeotly used to detect lead in water. FIG. 14 is a 

cafibration oin^ for lead in water usii% aiiodic stri|^^ 

with a cdloidal gold sensor. The electroctoncd monitor paraineters were: 90s dqx)stdo^ 
at -0.5V and strq)ping by square wave voltammetry at 100 Hz^ 
stqps. The medum was 0.125 M HCl 

25-. • 

FIGS. 17A-17B cQcapsae anodic stripping curves as acquired znA after processing 
bydieinvetitioa llie curves were obtained usitig a 42 ^g^dL lead m add treats 
measured using a coDddal goM sensor. Operatits parameters mciuded a 90s dqKxation at 
-0.5V and strq>{nng by square wave vohammetry at 80 Hz fiequei^ 
30 2mVsteps. 
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The device was also used to test for lead in the presence of ^ Resuhs 
are shown in Table 3. 



I 
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TABLE 3 



Sohition tested 


+0ppbPb 


+12.5ppbPb 


-1-125 ppbPb 




As,ppb 


Cr(Vt).ppb 


Hgjipb 


Sejipb 


nin#1 


nin#2 


run#1 




nin#1 


run #2 


120daiition 
of TOP 
Concentrate 
#1 


1000 


1000 


50 


1000 


0.1 


0.1 


0.6 


05 


44.8 


48.5 


12000 
dilution of 
TCLP 

Concentrate 
#1 


100 


100 


5 


100 






5.1 


8.1 


85.2 


^6.2 


wittiout 
TCLP 

Concentrate 
#1 added 


0 


0 


0 


0 






6.2 


8.4 


106.1 


106.0 



Solution tested 


+50p|diPb 




Ba,ppb 


Cr|VI),ppb 


Ag,ppb 


Cd,ppt 


Pb,ppb 


nin#1 


runj!^ 


1:10^00 dibtKMi of TCLP 


50 


50 


50 











Resuhs showed tbat the caEbiation curve in tbe absence of tested inteiferences showed 
good linearity aiul reproduc3»Ihy in the Rqnodudbility of die 

SWC signal at l2p|*PbIevd was good widi a SD of 1.8 12 measurement 
awage vahie of 8.7. The test sohrtion OMtaimng As, Cr(Vl)^g and Se ions (TCLP 
10 sohition) reduced the Pb agnal when present at a 10(Mbld excess AtalO-fold 
excess^ there was no interference with this sohitioa TCLP solution ifl contained Ba, Cd, 
Cr(VI), and Ag and was found to increase the Pbagnal at 100-fold excess over Pb. 

As ilhxstrated in FIG. 15, an anodic stripjHng curve was obtmned for a nmxture of 
15 Zn, Cd. Pb and Cu enq)loying a carbon sensor with an in situ dqxMsted mercuiy fflm. 
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bstnunent parameters were: 240s depoation at -1.4 V and strq)i»ng by square wave 
vohammrtyat 115 Hz fiequency,25mV amplitude and 3 inVstq)S. 

EXAMPLE2 



The disdosed device was also used to detennine cadhim conoentraticm. 
coOoidal gold sensor strip, san4)les containii^ cadium ion were placed on the 
ana^rzed using the Mowing instrumental parameters: 

1) Delay Tmie And Voltage OSec OmV 

2) Precondition #lTimei And Voltage 10 Sec SOOmV 

3) Precondition #2 Time And Vohage 10 Sec 50mv 

4) Set Deposition Time And Vohage 90 Sec SOOmv 

5) Set Equifibration Tmie 0 Sec 

6) Set Vohage -Fmal 200rav 

7) Set Step Vohage, # Of Steps 2rav 351 Steps 



a 
and 



1) Dday Time And Vohage 
9)SetGain,Freq 

G) Start Test And Retrieve Data (D) 

R) Review Data 

A) Analyze Data 

S) Save Data 

L) Load Lookup Table 



OSec 
0-10 fiA 



OmV 
80HZ 
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Tlie calihratkm curve for cadhim icm is s^^ 




am 

5 

Tal^ 4 stows the SWC signal oinained for diffom amounts of Cd in 



TABLE 4 



Cd,ppb 


Sienal 


0 


5.3 


31 


14 


62 


31 


125 


84 


250 


116 



10 

E^qjeriments involving copper(II) and cadtiiua^ proved that both metals were 
dectroactive on coDoidal gold modified gr^hite ink dectiodes and could be cathodicaDy 
dqx>sited on and anodicany strqpped off tiie gold sui&ce. Under the sohition and 
instnnnental conditions used for measurement of lead, copper and cadmium produce 
15 stripping signals that are proportional to their respective concentrations in the ppb rai^e. 
The data (not shown) indiratfrf that copper, cadnmmi and lead can each be determined in 
the absence of the remairms two. 
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Simultaneous detennination of more than one heavy metal in water contahnng 
several metal ions is readily acconq)Iished with the cfisdosed system. One can sdectivdy 
shift peak potendals of stripping peaks by complexing the metal ion, which can be 
accomplished by manipulation of pH and addition of spedfic ligands. Thus a test for 
5 amuttaheous detennination ofthe three metals fiom a single strippi^ 

An alternative approach to detennini^g a heavy m^ in the preseibe of other 
heavy metals would be to sdectively mask to allow detennination of individual metals m the 
presence ofotherdectroacttve metals. For exanq>le, one can elinunate the anodic stripping 
10 peak of copper by adding EDTA and lowering pH of the san^Ie to 1.0. In contrast to 
coppa(II), lead(II) is not bound to EDTA at this pH and can be measured i)^out 
interfeence from copper. Similar approaches using other ligands and buffering systems are 
expected to allow maisking of other metals to determine an analyte metal in waters 
containing mbctures of metals. 

15 

EXAMPLES 

FIG. 13 shows the use of the dectromonitor for the determination of a drug. The 
figure shows a square wave voltammetric curve of acetaminophen employing a caibon 
20 sensor The parameters used were: square wave vohammetiy with 100 mV initial 
potential, 50 Hz frequency, 25 mV amplitude and 2 mV steps. 

FIG. 16 ilhistrates the use of a colloidal goId-HRP (horseradish pax>xidase) seosoT 
to measure hydrogen peroxide in 50 mM MES buffer, pH 6.4 using the disclosed device for 
25 anq)erometric measurement. Parameters were: -100 mV potential, 4 Hz sanq>Iing rate. 

EXAMPLE 4 

A ten^)erature change may severdy affect curroit signals using sensor and 
30 anai^ements that do not protect the sample sohition fix>m evaporatioa As shown in 
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FIG.18, solution evaporation caused by low humidity pnxluces a r^id drop in tenq)eiBture 
on the sensor. Lower ten:f)erature resuhs in deoeased diffiision coefficient of the analyte 
to the sensor's workmgdectrodewhidi can reduce the measured sgnaL This eSect can be 
reduced by using a heat ank platfbnn endosed in the sensor bousing. 

5 

Further modifications and akemative embodiments of this invention be 
s^yparenttothoseskinedintfaeartinviewoftlusdescrqn^ According, this desoiption 
is to be construed as iDustxative only and is &r the purpose of teadifaig those skiUed in the 
art the nuumer^ of carrying out tiie invention, ft is to be understood that the forms of the 

10 invention herein shown and described are to be taken as the presently prefisrred 
endK)diment5. Various cba^es may be made in the software and jSnnware; for example, 
the cafibration data may be provided in muldide dsk^tes, partial^ provided fiom external 
databases, or stored in ^de^dce itself for later analysis. Muhtple ports for sensor insert 
may be provided and adaptations for analysis of several diSerent analytes may be 

15 incorporated. Certain features offteiin^oninay be utilized independently of the use of 
odier features^ all as would be sq>parent to one skilled in the art after haviiig the benefit oi 
tins descrqstion of the inventioa 



5 
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CLAIMS ; 

1. Apparatus for measuring the amount of an anatyte in a liquid dectrolyte vAidn 
comprises! 

a houang substantiaQy endoang a data processing system induding a power 
supply, a microprocessor, a memory and an dectrical connector; 



a sensor posidcmed connected to the housing and comprising a working dectrode, 
10 a refeence dectrode and a counter dectrode adcqpted to be in contact with 

a sanq)le of said dectrolyte and to be connected with said dectrical 
connector so as to couple the signal output of the sensor widi the data 
procesang system; 

IS a digital data memory containing calibration data interrelating values of said agnal 

output with amounts of said analyte in said dectrolyte; 

said micFoprocessor programnied to ^ply a potential to said sensor, to meaa 

signd output fix)m said sensor, and to corxipare said measured signal oiitput 
20 with said calibration data to therdTy determme the amount of said analyte in 

. said dectrolyte. 



2. An apparatus as defined in daim 1 in whidi said digital data memory comprises a 
25 caHhration strip portioned outside the housing and adapted to be connected with said 
dectiicd connector. 



30 



3. An apparatus as defined in daim 1 in vfbkb said digital data menoory conqnises a 
look up table. 
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4. An apparatus as defined in daim 1 in which said digM data memory comprises a 
nocFocfaip positioned outade the hou^ng, and said apparatus fiirtb^ conqjrises a miaodiip 

5 reader operable to down load calibration data from said microchip to said data processii^ 
system. 

5. An apparatus as defined in daim 1 which fiirther comprises a structural module 
1 0 attached to said housing and configured to screen said sensor fiom drafts. 

6. An qyparatus as defined in daim S wherein said structural module indudes a metal 
plate extending ftom said bousixg to support said sensor and serve as a heat ank for said 

IS sensor. 

7. Apparatus for use with a senscx^ to anafyze for a metal analyte in an aqueous 
dectrofyte^ vtoein the sensor conqprises at one end a reference dectrod^ a counter 

20 dectrode» and a woildng electrode v/hkh has a cdDcndal gold sur&ce; said qyparatus 
conqnising: 

a houaog adapted to be hand held and to siqjport said sensOT vnA said dectrbdes 
for contact with sdd dectrolyte; 

25 ' 

a nucrcqirocessor controlled source of potential in said houang operable to ^ppiy 
saki potential to said woridog dectrode suffident to dqx>sit said analyte 
relative on the worldly dectrode; 
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a microprocessor connoBed source of providxig a sequence of potential steps 
operable to zpply said stq>s over a range of potentiak suflSdent to strip said 
anafyte fiom the working electrode vAienin the microprocessor operates to 
control the potential to stq) said potential upward from said lower end of 
S said range in stq>s of equal potential and duration so as to strip the analyte 

from said woridng dectrode thereby generating a current and reverse 
current; 

said microprocessor also operable to measure and process said forward and reverse 
10 current to generate a signal and to compare sdd signal \^dgnalsdnm^ 

obtdned fix)m known quantities of sdd analyte in sdd dectrolyte so as to 
thereby determine the unknown quantity of sdd analyte in sdd dectrolyte. 



IS S. The apparatus as defined in daim 7, ^i^dierdn the andyte is lead and the dectrolyte 
comprises blood or urine. 



9. The q)paratus as defined in claim 8 wherein sdd lower end is about -500 millivolts, 
20 the upper end of the range is about +100 millivolts, sdd square wave dtemates about ^ 25 
ndfivohs, aiid each step is about 3 millivolts. 



10 An apparatus ibr analyzing for a metd analyte in an aqueous dectrolyte^ 
25 comprising: 

a houdng adapted to be hand-bdd; 

a sensor positioned outside the housing and ad^ed at one end to be medianicalty 
30 coiq)led to the housing and at anotiier end to be contacted widi sdd 
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dectrdyte, said another end induding a n&seace dectrode, a counter 
dectrode and a coUoidal gold working dcc!tn)d^ and, 

a mioopiDcessor in the housing programmed to: 

5 

a) apply a sequence of potoitial stq)S to the woiidng dectrode over a 
potential range from an initial levd to a final level suffident to strip an 
analyte deposited on said woiidng dectrod^ 

10 b) measure the forward and reverse current generated by said sequence of 



c) process to dbtiaa a diaige signal to measure the total amount of net current 
from said fonvard current and said backward cuirait generated between 

IS sdd first tevd and said second levd; and, 

d) compare said agnals widi signals obtained from caHbration of said 
q)paratU5 usixig known amounts of said metal anafyte in said aqueous 
dectrolyte umier the same operating conditbns as for the unknown 

20 quantity, and ihrnby detennine the quantity of said analyte in said 

dectrolyte. 



11. Tbe^jparatusofclaimlOinwhkAlhenricni^^ 
25 appfy at least one cOTStantpotentid to said woridngdert 

to dqK)sit an anafyte on sakl w(»1di^ dectrode prior to act^^ 
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12. The ifiparatiis of daim II in -wbicb said meial anaiyte is lead, said imdal levd is 
about -500 nuffivohs, said final levd is about +100 niilIivotts» said aheniating voltage is 
about ± 25 millivolts and in the form of a square wave, and eadi said step is about 3 
millivolts. 

5 

13. The apparatus of daim 11 ^di further oonq)ri5es a lookup table containing said 
reference totals. 

10 

14. The apparatus of daim 11 wfaidi fiirther comprises a display for diq)lqvig the 
analyzed quantity of said anaiyte. 

IS IS. Apparatus for use with a sensor to analyze for a metal anafyte in an aqueous 
dectrolyt^ wherdn the sensor comprises at one cod a reference dectrode^- a counter 
dectrode, and a woildng dectrode v^di has a colloidal gold surfice, said q>paFatus 
conqjiising: 

20 a houdng adapted to be hand hdd znd to support said sensor exterior of the 

housing \vith said dectrodes in contact with smd dectrolyte; 

a microprocessor controlled source of potential in said housnig operable to apply 
said potential to said working dectrode sufBdent to deposit said ana^e 
2S rdative on the working dectrode 

a microprocessor controlled source of providiiig a ^squence of potential steps 
operable to ^ly said stq>s over a range of potentials suffident to strip said 
anaiyte from the working dectrode \^4ierein the nncroprocessor operates to 
30 control the potential to step said potenBal upward 6om said lower end of 
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said range in stq)s of equal potential and duration so as to Btnp the analyte 
from said working dectrode therd>y generating a current and reverse 
curroit; 

5 said microprocessor also operable to measure and process said forward and reverse 

current to generate a signal and to conqpare said signal with agnais amilaily 
obtained from reference values dmilarly obtained from known quaritid^ 
said analyte in said electrdyte so as to thereby detennine the unknown 
quantity of said anafyte in said electrode. 

10 

16. The j^anitus as defined in daim IS, v^ereb the analyte is lead and tte 
comprises blood or urine. 

15 

17. The q>paratus as defined in daim 16 wfaerdn said lower end is about -SOO 
mtlfivolts^ the upper end of the range is about +100 milfivohs, said square wave ahemates 
about :f2S millivolt^ and eadi step is about 2 mSlwohs. 

20 

18. A pcxtable ^stem for measuring the anKxmt of an analyte in an aqueous dectrode 
comprisng: 

a housing endodng a micropiocess(^ controlled source of potential, a digital data 
25. processii^ system and a microprocessor based data processing system; 

an dectrodienucal sensor positioned outside said housiiig, said sensor haviqg a 
wotkii^ dectiod^ a refoence dectn>de and a counter dectrode at one end 
to contact said aqueous dectrolyte and adapted at its other end to transmit 
30 [jgnab generated said dectro^ to smd data processor 
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said source of poftesidal adapted to apply potendals across said sensor sufSdent to 
cause said sensor to generate and transmit current to said data processing 
system through said housii^ 

5 

a source of caEbration data positioned cnitside said housing correlating current 
vahies generated and transmitted by said sensor for different amounts of 
said analyte in said aqueous electrolyte and at said potentials; 

10 said microprocessor programmed to compare currents generated and transmitted 

by said sensor in re^nse to said potentials ivith said calibration data to 
therd>y ascertain the amount of said analyte in said aqueous electrolyte. 

IS 19. A system as defined Iqr daim 1 ^ch further comprises a visual disp 

witUn said housitig, and drcuitry to di^Iay the amotmts of analyte ascertained on said 
di^Iay. 

20 20. . Aqrstonasd^nedbydairn 1 ^vhereinsaidsource ofcafi^ 

microchip encoded mth such data^ and vfhsKm said system further comprises a microdq)' 
reader mounted on said housing and adapted to download caEbration data dxm said 
microdiqp to said dgital data processing system. 

25 

21. A system as defined by daim 1 wherein said calibration data conqnises is sdected 
by a calibration strip. 
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22. A imcrodup encoding the values of signals generated by an dectrochenucal sensor 
in contact with a given electrolyte containng given amounts of an analyte and at gjven 
potentials or a sequence of potential steps applied to the sensor, said sensor including a 
referoice dectiode, a woridng electrode and a counter electrode. 

23. A microchip as defined in dahn 22 wherdn the working electrode conqirises 
collddalgold. 

24. The apparatus of daim 1 wherein the potential is a single potential st^. 

25. The qipaxBtusofdafanl wherein the potential is a sequence of potendd 

26. The iqpparatus of daim 1 wherein the sensor is positioned outside the houaiig. 



20 27. 



The apparatus of daim 1 wherein the sensor is positioned inside the houang. 
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